We examine the single-spin asymmetry (SSA) caused by the five-quark components of the proton for semi-inclusive electroproduction of charged pions in deep-inelastic scattering on a transversely polarized hydrogen target. The large SSA is considered to have close relation with quark orbital motion in the proton and suggests that the quark orbital angular momentum is nonzero. For the five-quark qqqqq components of the proton, the lowest configurations with qqqq system orbitally excited and theq in the ground state would give spin-orbit correlations naturally for the quarks in a polarized proton. We show that based on the basic reaction γq → πq ′ , the orbital-spin coupling of the probed quarks in the five-quark configuration leads to the single-spin asymmetry consistent with recent experiment results.
Introduction
The spin composition of the proton in terms of its fundamental quark and gluon degrees of freedom is a central focus of proton structure. Whether the quark orbital angular momentum is zero or not is one of the key points to solve this problem. The importance of quark orbital angular momentum, which one might have taken to vanish in the ground state, has been evident since the work of Sehgal [1] . The orbital angular momentum structure of the proton is of considerable interest and much effort has gone into devising ways to measure it. Recently, the investigation of single-spin asymmetries in hadronic processes suggests that the orbital angular momentum of quark in the proton is nonzero. This puts forward a challenging opportunity and imposes an important constraint on phenomenological studies.
The measurements from the HERMES and SMC Collaborations show a remarkably large single-spin asymmetry of the proton in semi-inclusive deep inelastic lepton scattering lp ↑ → l ′ πX [2, 3] . Large single-spin asymmetries have also been seen in hadronic reactions such as pp ↑ → πX [4] , where the antiproton is polarized normal to the pion production plane, and pp → Λ ↑ X [5] , where the hyperon is polarized normal to the production plane. We focus on the semi-inclusive pion leptoproduction lp ↑ → l ′ πX, because of the simplification with only one baryon in the initial state. To describe the single-spin asymmetries for the semi-inclusive deep inelastic lepton scattering lp ↑ → lπX, a non-zero Sivers function f ⊥ 1T is usually used to reflect the asymmetric transverse momentum distribution of the quark in a transversely polarized proton. The Sivers function f ⊥ 1T is proportional to f ↑ − f ↓ , i.e., f
and f ↓ is the quark distributions in the transversely polarized proton for the direction up and down, respectively. The non-zero Sivers function means that unpolarized quark distribution is different in up and down nucleon spin states. This difference can only originate from the coupling of quark spin and its orbital motion, and suggests non-zero quark orbital angular momentum which can contribute to spin structure of the nucleon.
Based on the nonzero quark orbital angular momentum and final or internal interaction, some theoretical predictions are available in the framework of MIT bag model [6] and quarkdiquark configurations [7, 8, 9] . The Sivers functions obtained in these two models are different in sign and magnitude. It is suggested that the difference could be originated from sea-quark contributions [8] , which have opposite sign to that from valence quarks. Recently, the five-quark components of specific configurations have been proposed and carried out in various aspects to understand the spin-flavor structure of proton and other baryons [10, 11, 12, 13] . For the proton, the possible five-quark configurations consist of uuduū, uuddd, uudss, and so on. In these configurations, the ones withq (q = u, d, s) in its ground state and the uudq subsystem in P-state give proper results. Then one can find that each u or d have 1 4 probability to be in P-state. This gives a natural explanation of non-zero quark orbital angular momentum in the nucleon. In this paper, we examine the single-spin asymmetry caused by the five-quark components in the proton.
2 The orbital angular momentum of quarks and thecomponents in the proton
The importance of the quark orbital angular momentum in nucleon structure has been discussed by Sehgal [1] and Ratcliffe [14] in different contexts. The proton's "spin crisis" [15] indicates the presence of quark orbital angular momentum. The probe of quark orbital momentum has become available after the detailed investigation of the composition of nucleon spin in terms of quark and gluon [16] and the generalized parton distributions (GPDs) [17] . The SSA can be viewed as one of the observable to measure the effect of quark angular momentum through the spin-orbit correlations [18] . There have been two mechanisms proposed beyond the naive parton model: the twist-3 quark-gluon-quark correlations and transverse momentum dependent (TMD) parton distributions, which is related to the quark orbital angular momentum in nucleon. The intrinsic transverse momentum of quarks is crucial to generate large SSA, because the nonzero quark orbital angular momentum can lead to the flip of the hadron helicity.
There have already been many works about the relations between quark orbital motion and SSAs in different processes [6, 7, 19, 20, 21] with the conclusion that the nonzero quark orbital angular momentum is necessary to produce the large SSA.
However, in the classicconfiguration of the nucleon, all quarks are in the S-wave and give a zero orbital angular momentum. Hence one must go beyond the simpleuark model by including additionalpair(s). The five-quark uudqq components in the proton with thē q of negative intrinsic parity demands either a quark or anti-quark in the P-wave to make up the proton of positive intrinsic parity. So it gives naturally the nonzero quark orbital angular momentum.
In the five-quark component model [10, 11, 12, 13] , there are significant uuddd and uudss components in the proton with the anti-quark in the orbital ground state and the four quarks in the mixed orbital [31] X symmetry, i.e., one in P-wave and three in S-wave, together with
This kind of configuration is found to have the lowest energy no matter whether the hyperfine interaction between quarks is described by the color magnetic interaction or by the flavor and spin dependent hyperfine interaction of chiral quark model [22] . In fact, this configuration is very similar to the Jaffe-Wilczek's diquark configuration for penta-quarks [23] . Only two quarks with different flavors can form a good diquark.
Obviously the uuduū cannot form this kind of configuration and can only in configurations with higher energies. Hence in the proton, there is less uuduū component than uuddd component.
Therefore, the quark wave function for the proton may then be expanded as:
with the normalization condition
represents the probability to find the uudqq component in a proton with q = u, d or s. Then to reproduce the observed [24] light flavor sea quark asymmetry in the proton,d −ū = 0.12, one has P dd − P uū = 12%. To reproduce the observed [25] strangeness spin of the proton, ∆ s = −0.10 ± 0.06, one needs P ss = (12 − 48)% [11] .
There is another constraint on the percentage of strange quarks in the proton, coming from a next-to-leading-order QCD analysis of neutrino charm production [26] . It was found that the nucleon strange quark content is suppressed with respect to the non-strange sea quarks by a factor κ = 0.477 The definition of κ is
Since both experiment [26] and our model calculation found that the strange sea x-dependence is similar to that of the non-strange sea, the κ reflects roughly the ratio of strange quark content relative to the non-strange sea quarks, i.e.,
Then the constraint κ ≈ 0.5, together with P dd − P uū = 12% and P dd + P uū + P ss < 1, limits the strange quark content in the proton to be in the range of P ss = (3 ∼ 20)%. The lower limit P ss = 3% corresponds to P uū = 0.
In our model calculation we assume that the uuddd system stays in the configuration of the lowest energy [22] where thed is in its ground state and the uudd subsystem has mixed orbital symmetry [31] X . This configuration gives the possibility of 1/4 for d to be in P-wave hence leads naturally to spin flip. The scattering amplitude for the above process can be expressed as
where k, k ′ are the energy-momentum vectors for the photon and pion, respectively; p, p ′ are the energy-momentum vectors of initial quark and final quark, respectively; s, s ′ are spins of them, and λ represents the polarization state of photon;
we set the coupling constant
. e q is the electric charge of the incident quark. u(p, s)
andū(p, s) = u + (p, s)γ 0 represent the Dirac spinors, which can be written as the following,
where the normalization factor N = E+m 2m
, χ s the spin vectors of the spin-1/2 quark,
For simplicity of concrete calculation, the moving direction of the photon is taken to be the x direction with two independent photon polarization vectors ε 1 µ and ε 2 µ taken as the following,
Then the basic γ +q(p) → π +q ′ (p ′ ) scattering amplitudes can be calculated as the following for the case of ε µ = ε 1 µ :
The label ⇑ / ⇓ gives the spin projection s . E is the energy of incident quark, and E ′ is that of the final quark q ′ , where
The results for the case of ε µ = ε 2 µ can be obtained similarly as follows.
We can obtain the cross section for the scattering of photon and quark from the above amplitudes as follows,
. (10) Here dσ γq describes the cross section of the scattering between photon and the quark of the momentum p. In the proton, the momentum of quark should have a density distribution ρ q (p).
Then the scattering cross section of photon and proton can be obtained by summing over quarks inside the proton as
where p + q and P + are the light-cone momenta of the struck quark and proton, respectively. By integrating over the k ′ x , E π and |k ′ T |, the differential cross section vs the angle φ of the produced pion can be obtained as
The single spin asymmetry (SSA) observable for the γp → πX reaction is defined as
where dσ ↑ (x; φ) (dσ ↓ (x; φ)) represents the differential cross section of the scattering between photon and the proton polarized upwards
).
In the constituent quark model, the quark momentum density distribution function ρ q (p)
is proportional to the square of the quark wave function. The simple harmonic oscillator wave functions are commonly used with radial parts for the S-state and P-state as
respectively. Here α 2 = m q ω with ω the harmonic oscillator parameter. While it is isotropic for the S-state, the angular dependent part is given by Y 1lz for the P-state with l z = 1, 0, −1 for the quark polarization projection along the proton polarization direction (i.e., z axis).
In the conventional quark model with 3 constituent quarks, all 3 quarks are in the ground S-states. With above formulae, the γp → πX differential cross section does not depend on the polarization of the proton and hence does not result in any asymmetry. On the other hand, in the five-quark component model [10, 11, 12, 13] , there are at least 12% uuddd component in the proton with the anti-quark in the orbital ground state and the four quarks in the mixed orbital
[31] X symmetry, i.e., one in P-wave and three in S-wave, together with flavor-spin [4] there is a probability of 2/3 with l z = +1 and 1/3 with l z = 0; when
there is a probability of 2/3 with l z = −1 and 1/3 with l z = 0. From these different probabilities for various l z , with formulae above one can get different dσ ↑ (x; φ) and dσ ↓ (x; φ).
For the π + production, the struck quark should be either u quark ord quark. In the five-quark component model with a portion of P 5q for the 5-quark component and P 3q for the 3-quark component, the SSA for the π + production should be
where the dσ u(3q) and dσ u,d(5q) represent the cross sections for the scattering processes of photon and u quark in the three-quark proton and u,d in the 5-quark proton, respectively. Since the scattering on the 3-quark proton does not depend on the proton polarization, we have However, the minimum 5-quark component model gives a nearly same prediction for the π − production while the HERMES experiment [2] found a different SSA for the π − production from the π + production as shown in Fig.3 . The reason is that there are equal number of should also be some uudss component with P ss ≈ (P uū + P dd )/4. This configuration has the u/d quark ratio to be 2 and should also result in larger SSA for π + production than for π − production. For the π − production, the SSA should be
In Fig.3 , we show the results with 5% uuudū, 17% uuddd and 5.5% uudss components, which satisfy P dd − P uū = 12% and P ss = (P uū + P dd )/4, under the assumption of dσ (3q) = dσ (5q) for both π + and π − production. Compared with HERMES data [2] , the π + production is very well reproduced; for the π − production, it is also mostly within the error bars although it seems systematically larger than the central values of the data. Reducing the percentage of the uuudū component will lower down SSA for both π + and π − production to be closer to the dotted line corresponding to the results without including uuudū and uudss components. We have calculated the single-spin asymmetry for the pion leptoproduction process γ * p ↑ → πX in the five-quark component model. The orbital-spin coupling, which is the natural consequence of the five-quark configurations, can be viewed as the source of the asymmetry. The well established light flavor sea quark asymmetry in the proton,d −ū = 0.12 [24] , demands P dd − P uū = 0.12 and sets the lower limit for the percentage of uuddd component to be 12%.
To reproduce the empirical evidence that the SSA for π − production is smaller than for π + production, non-zero P uū and/or P ss are needed. With 5% uuduū, 17% uuddd and 5.5% uudss components, which satisfy the constraints of P dd − P uū = 12% and P ss = (P uū + P dd )/4, we can obtain SSA consistent with recent HERMES data [2] for both π + and π − production, although the prediction of the SSA for π − production seems larger than the central values of the data systematically. More precise data will be helpful to clarify the consistence.
The five-quark component model has been applied successfully to study many properties of proton. A complete analysis [10, 12, 13] of the relation between the strangeness observables and the possible configurations of the uudss component of the proton concludes that, for a negative ∆ s , positive µ s and r s , thes is in the ground state and the uuds system in P-states.
Based on this configuration, the s-s asymmetry has been obtained and it can account for 10-20% of NuTeV anomaly [28] . In addition, the light flavor asymmetry of sea quarks can also be obtained by the five-quark components with percentage determined by the principle of detailed balance [29] . It gives naturally the quark orbital angular momentum which is crucial for solving the famous proton spin crisis and single spin asymmetry. In conclusion, the inclusion of 20% ∼ 30% five-quark components in the proton helps to understand many properties of the proton.
